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ABSTRACT 


The motion of a prolate spheroid shaped grain on an 
oscillating pan, as affected by pan frequency, slope, crank 
Ladstuseand coectiicient of friction betweem paneand grain 
(kernel), was studied. Oscillating pans are used extensively 
as conveyors and screens in seed handling and cleaning. To 
know the relationship between the variables noted above 
would be useful because they affect the velocity of the 
kernels on the pan surface. The kernel velocity and therefore 
the feed rate affects the efficiency of the separation process. 

The motion of a wheat kernel was observed on an 
oscillating pan at various combinations of pan frequency, 
slope and crank radius. An additional mode of motion was 
observed and was tentatively defined as a spinning and sliding 
mode. Because two modes of motion of the prolate spheroid 
are related to the natural rocking frequency of the spheroid 
and the pan frequency, an expression was derived to calculate 
the natural rocking frequency of a prolate spheroid. Equations 
of motion were derived for three modes of motion and 
experimental kernel velocities determined for the rocking and 
sliding mode. The velocities obtained were observed to 
increase with an increase in pan frequency, slope and crank 


radius as predicted by the derived equations. 
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CHAPTER TI 
LITERATURE REVIEW AND OBJECTIVES 


1.1 Introduction 

Oscillating pans are used to convey granular materials 
by achieving a relative motion between the material and the 
pan. The pan oscillates without a net translation of its 
own but imparts a relative motion to the material on its 
surface. The material travels with. a cyclic variation in 
velocity along the pan surface. 

Oscillating pans offer many So etea esa over augers 
because they are self cleaning; there is a minimum degradation 
of material and their power requirements are low. According 
to Berry’ they can be constructed cheaply, being of simple 
design and not requiring any expensive materials. The drive 
however is complicated by the need to use a slider-crank 
mechanism. They are able to convey dirty, abrasive granuiar 
materials without damage, and do not become choked, compared 
LORaAUGeEES = 

The primary use of oscillating pans in agriculture and 
related industries is in seed cleaning, grading of seed, grains 
and fruit. Clean and graded seeds and grains are used for 
milling, seeding, brewing and commercial trading. 

In seed cleaning and grading of grains, the kernels 


are fed onto a perforated oscillating pan. Undersized kernels, 
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foreign material and dirt pass through the perforations or 
apertures. ‘lhe clean and oversized kernels go over the end 
of the screen and are collected in a hopper. To remove 
overstzedrdebris, a vpre-screen is used:. The» under— 

SHZcdmobs ects MfOretha ss additional screensavernal leathnerkernels, 


foreign material and dirt. 


1.2 Literature Review 

The motion of grains on an oscillating pan can be 
broadly divided into two categories, depending on the shape 
Ofithergrain.® Formeonescategory. (A)jithel grain fstofeimreguar 
shape, such as a corn or maize kernel. For the other category 
(B), the shape of the grain is an approximate prolate spheroid, 
suchpassalwheatekernels| The fiterature revaewohasvoeecn 


organized on the basis of these categories. 


ieee LONG MOtIOn Category A 


Reagne defines riding of an Object onan Oscillating 


Daveasetie MOtilonsof an Obj eck in whichpthiere a1tsino relative 
motion between the object and the pan; hence the object moves 
WiEeMethe: pani suneace: throughout a cranky cycle) sie derived 
dimensionless ratios or terms using the variables of kinetic 
and static coefficients of friction, conveyor frequency and 
amplitude, and acceleration due to gravity. The relationship 
between the dimensionless ratios states the condition under 


which riding would or would not occur. 
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1.2.2 Riding and Sliding - Category A 

Berry!’ ? states that riding and sliding of an object 
occurs if the object rides for part of the crank cycle and 
slides, or has motion relative to the pan, for the remainder. 
The relationship between the dimensionless terms derived by Berry!’ 


can be used to calculate the conveyor frequency range 


within which riding and sliding of an object would occur. 


tee oliding — Category A 


Berry!’ 


identifies sliding of an Object as motion an 
which there is continuous contact and relative motion between 
the object and the pan surface. The object moves either 
positively or negatively (i.e. down or up the pan surface) 
but it slides throughout a crank cycle. The conveyor 
frequency range within which this motion would occur can be 
calculated from the dimensionless terms derived by Berry .1'2 
He has also derived and solved graphically a non-linear 
Gitferential equation of cchisimotiong tors thesaccellerationvor 

ane Object ons an oscillating conveyoriaminhe equation is derived 
in terms of conveyor frequency, kinetic coefficient of friction 
between object and conveyor surface, acceleration due to gravity 
and angle of attack. © «The! last)variable asethe Gnclinationjsof 
the support arms of the oscillating conveyor with respect to 
thesvertical ««Shentzyand Hat oneahave also derived differential 


equations for positive and negative accelerations of a sliding 


object on an oscillating conveyor in terms of conveyor 
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4 
frequency, amplitude, Slope, kinetic coefficient of friction 
and gravity. The conveyor used in the study by Schertz and 
Hazen had a slope rather than an angle of attack and hence 
their equation is different from that derived by Berry. 
Garvie? has derived acceleration equations for positive and 
Nedativemalitdinggos qraineonsan oscillating sieve in terms of 
sueveslrequency,;.amplitude, (slope, acceleration duesto Guavity, 
EenecrtCecociricient of sfrictionsandabhe timesperiods 
associated with the beginning of sliding down or up the sieve. 
He has also developed an equation that could be used to 
calculate a suitable grain velocity range for efficient 


screening. 


122.47 Hopping-="Category A and B 

Berry” states that hopping of an object occurs when 
the object looses contact with the pan surface. This 
happens when the vertical acceleration of the pan downward is 
greater than that due to gravity. He has developed an equation 
for the conveyor frequency range in terms of acceleration due 
fLogcbavity, static) coeliicient of friction and (conveyor 
displacement, within which the object would loose contact with 
the conveyor. Schertz and eed have stated the condition 
for a free fall of an object as a function of gravitational 
acceleration and the vertical acceleration of the conveyor. 
fey pe cenee has derived differential equations of motion for 


kernels in an air stream rebounding from a non-oscillating 
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5 
surface. Using an analog computer, these equations were used 
to simulate a kernel rebound trajectories in a combine shoe. 
In later work, Harrison! used the equations to simulate the 
motion of threshed particles that are subjected to the LOtarys 
motion of walkers in a combine harvester. He notes that the 
transition from the rotary to free-fall regime occurs when 
the vertical acceleration of the walker downwards is equal to 
theraccelecracion. Ol Gravity. Bottcher> notes the same for 
an oscillating conveyor. He states that in a crank period t, 
an object leaves the conveyor surface at the moment ce and 
contacts the surface again at the moment t.: Mathematical 
expressions for these moments of detachment and impact, te 
and tae were derived by him in terms of conveyor frequency, 
amplitude and angle of attack. An expression for the maximum 
eran enor the hop or jump of the object from the conveyor 
surface was also derived in terms of the above variables. He 
has also expressed the mean velocity of the object in the 
horizontal direction in terms of moments of detachment and 


impact te and eae acceleration due to gravity, conveyor 


frequency and angle of attack. 


1.2.5 Rolling and Sliding - Category B 


Hann and Gentry® observed that an ellipsoidal object 
rolls and slides on an oscillating conveyor surface when the 
conveyor is operated at frequencies below the natural rocking 


frequency of the object. Though Hann and Gentry identify the 
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object as an ellipsoid, it likely was a prolate spheroid. 
Hieyectace thatein therrolilingsand sliding mode, the orientation 
of the prolate spheroid is with the major axis perpendicular 

to the direction of conveyor motion. They developed equations 
for a prolate spheroid which exhibits rolling resistance due 

to surface deformation but simulated the motion of a rubber 
DaWitwe tt iS not clear why a rubber ball’ was used instead of 


a prolate spheroid. 


1.2.6 Rocking and Sliding - Category B 


Hann and Gentry® Observed rocking and sliding and they 
state that a prolate spheroid rocks and slides on an oscillating 
conveyor when the conveyor is operated at frequencies above 
the natural rocking frequency of the spheroid. The orientation 
of the spheroid is with the major axis parallel to the direction 
of conveyor motion. They did not derive equations for this 
mode of motion and hence it was not simulated. The work of 
Henderson and Newman? is useful in studying category B motion 
because they investigated a prolate object which has a 
Similar shape to a prolate spheroid. They Observed that the 
orientation of a prolate object on a horizontal plane was 
related to the natural frequency of rocking of the prolate 
object and the frequency of oscillation of the surface. They 
provided physical and analytical explanations of the phenomenon 
together with related experimental results. The oscillating 
prolate object is described mathematically as a forced vibration 


of a viscously damped single degree of freedom system. The 
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forcing frequency is provided Dy Ehesosei Plation o£ ethe 
horizontal surface. They derived a forced vibration equation 
Eom thewesci Ilating prolate onject by using Lagrange's 
equation. The equation is useful in describing the prolate 
object orientations on the horizontal surface as a function 
Or the =trequency of oscillation of the prolate object and the 


surtace. 


a) oF Summary 


As can be noted from the above, not much work has been 
done, on*the motion Of threshed’ grains™on an oscil lating pan, 
Pavereulamly the motion of grains Gn’ category Bee» Because of 
the importance of grain cleaning and grading in the agricultural 
industry, researeh on motion of kernels on an oscillating pan 


was undertaken. 


Tecmo byecenves 


The study was limited to motion of prolate spheroid 
Shaped GGains On an Oscillating pan; that ws category Ba) The 
objectives of the study were: 

(a) to determine the relationship between the orienta— 
tion of a prolate spheroid on an oscillating pan and the natural 
rocking frequency of the spheroid as affected by the pan 
frequency, and hence develop an equation tor the naturals cock 
inguersequency Of a prolate spheroid. 


(b) to derive equations of motion of prolate spheroid 


shaped kernels on an oscillating pan. 
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1.4 Study Method 


In part l, the motion of a wheat kernel was observed 
On an oscillating pan using various combinations of pan 
frequency, amplitude and slope. Since a wheat kernel has a 
shape similar to a prolate spheroid, large sizes of prolate 
spheroids were made of steel and aluminium to facilitate the 
study. The natural rocking frequencies of these spheroids 
were determined experimentally and their motions observed 
on the oscillating pan at various pan frequencies, amplitudes 
and slopes. An expression was derived to determine the 
natural rocking frequencies of prolate spheroids. The 
expression was used to calculate the natural rocking frequen- 
cies of the steel and aluminium spheroids. The theoretical 
and experimental natural rocking frequencies were compared. 

In part 2, differential equations of motion are 
derived for various modes of motion observed. For the 
rocking and sliding mode the velocity of a wheat kernel on 
an oscillating pan was determined experimentally. The 
relationship between the velocity and some independent 


variables were discussed. 
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FACILITIES AND ROCKING FREQUENCIES 


Oe Desc) poLOnTOLeagi] ihies 


A schematic of the oscillating pan used in the study 


of prolate spheroid motion is shown inernoures? .dietasandg))- 


= 


ie 


icra be WPS 


(b) 


Figure 2.1 (a and b) Schematic of oscillating pan 
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The pan BC and the rod AB were rigidly connected and thus 

AC moved as One piece in a non-linear translation. The pan 

was 31 in. long by 13 in. wide. The grain was fed onto the 

pan at B and was observed as it moved along the PAanwtorc. 

The grain was collected in a hopper after passing C. The 
suspension arms DC and EB were 12 in. long and D was adjustable 
relative tOpE GEO achievel various! pan sslopes) om angles» (a): 

The angle Bo Was 12) 8°. = (ThespitmansarmsAn was 4.5. ine tong 

anim eiea crank srad?tus ssecoulds be. varledretromezero LOn0 m7 min 
Various pan frequencies were obtained by using different sizes 
of pulleys mounted on the pan drive shaft at 0. The pulleys 
were driven by a constant speed electric motor through a "Vv" 
Bete me ei square Grid, J Lt. and (aan. = LOndeangm want. 

wide was mounted 3 in. above the pan surface; the mounting 
being Aone on the pan frame. The use of the grid was to aid 

i Observing the orientation Of vprolace Spheror1dssony the 
oscillating pan surface. A 16mm. movie camera with provision 
for slow motion photography was used as an additional aid 


ineobSserving ene motion OL Obj)ectsS On gthe pan. 


2.2 Experimental Natural Rocking Frequencies 
Two large prolate spheroids were made of steel and 
aluminium because it is easier to determine their natural 


rocking frequencies than it is for kernels of smallyorains. 
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Each prolate was disturbed by displacing the centre of mass 
in the vertical plane to start it rocking and the number of 
oscillations per minute were calculated. The results of three 


trvalssare=shown! in Tables 2e18 
ANB, 2 AL 


EXPERIMENTAL NATURAL ROCKING FREQUENCIES 


———— ge 
ee 


Prolate Spheroid a b NOte Ole liaiaiis Average 
il 2 a) 
(ante) $Gin.)P a(CeMpaa(CeM) LKePM) (CPM) 
Steel rat) Omen 147 2 LoL 150 
Aluminium 2. oe Oise 0) 180 192 186 186 


IS se ODSerVatlon, Of tne, Motion. of aubrolate 
Spheroid on an Oscillating Pan 


The motions Of the prolate spheroids: an Table 2.1 
were observed on the oscillating pan (see figure 2.1) at 
various pan frequencies, amplitudes and slopes. As already 
noted by Hann and Gentry, ° it was observed that at a pan 
frequency (150 CPM) below the natural rocking frequency of 
the aluminium spheroid (186 CPM), the orientation of the 
spheroid was with the major axis perpendicular to the direction 
of pan motion and at pan frequencies (303 and 405 CPM) above 


the natural rocking frequency of the spheroid, the orientation 
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of the spheroid was with the major axis parallel (to the direction 
of pan motion. With the major axis perpendicular to the 
direction of pan motion (pan frequency less than the natural 
rocking frequency), it was observed that the spheroid rolls 
and slides on the pan surface. In the rolling and sliding 
mode, there was rolling with and without sliding (phases) in 
a Single crank cycle. With the major axis of the spheroid 
parallel to the direction of ban motion (pan frequency greater 
than the naturel rocking frequency), it was observed “that the 
Spiero1dsrocks and slides on thespan surfdce™ efn the cocking 
and sliding mode, there was rocking without sliding (i.e. 
rocking and riding) and rocking with sliding (phases) ina 
Single crank cycle. 

At pan frequencies much above the natural rocking 
frequency of the spheroid (greater than 405 CPM), the spheroid 
Soun ana slid on the» pan surface. “This moeion has not sbeen 
noted in the literature and therefore this mode is defined 
as spinning and sliding. 

At greater pan frequencies and slopes, it was observed 
that the spheroid partially lost contact with the pan in a 
crank cycle; hence hopping on the pan surface. The hopping 
mode is dependent on both pan frequency and slope. 

The modes noted above are the only four motions of a 
prolate spheroid observed on the voscuilating, Pall. palNeyuate 


described in detail below. 
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Ceo ee SO ang, and Sliding Mode 


Figure 2.2 shows a prolate spheroid in the wolling 


Paigure 2.2 Rolling and Sliding Mode 


and sliding mode. For this mode the spheroid orientation is 
with the major axis perpendicular to the direction of pan 
mMotauom (See Figure 2.6). A more detailed presentation of 
the motion in this mode is shown in Figure 2.3 where the pan 
Position 1s shown for Various Crank angles slne directions 
of rotation and acceleration of the prolate spheroid at 


VAwIONS Crank angles during da cyclelor pan oscil tarciongarc 


indicated. 
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PAN DISPLACEMENT 


CRANK ANGLE 


PROLATE SPHEROID 


Figure 2.3 Pan displacement against crank angle 
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2.3.3 Rocking and Sliding Mode 
As already noted, rocking and sliding of a spheroid 
occurs at pan frequencies above the natural rocking frequency 


of the prolate spheroid. 


Figure 2.4 Rocking and Sliding Motion 


Figure 2.4 shows a prolate spheroid in the rocking and sliding 
mode. For this mode, the spheroid orientation is with the 
major axis parallel to the direction of pan motion (see 
Froure 2.7). At pan frequencies equal to the natural rocking 
frequency of the spheroid, the spheroid orientation is 
unstable in the sense that the mode of conveyance is a 
hnixture of rolling and sliding with rocieing =and Sliding. 
Figure 2.5 shows the rotating directions of the spheroitdear 


various crank angles over a cycle of pan oscillation for the 


rocking and sliding mode. 
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PAN DISPLACEMENT 


CRANK ANGLE 


oe 
360° 


Figure 2.5 Rocking orientations of prolate spheroid 


167 
2.3.4 Spinning and Sliding Mode 
The third mode of spheroid motion observed was spinning 
andesliding (see Bigure 2.8). “As already noted, this mode 
occurred at pan frequencies much greater than the natural 
rocking frequency of the spheroid. In this mode, the spheroid 


spins and slides on the pan surface. 


SLOPE OF PAN SLOPE OF PAN 
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PAN MOTION PAN MOTION 


i oi andmslig#ng Figure 2.7 Rocking and 
diet ° mre ty sliding mode. 
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Figure 2.8 Spinning and sliding Figure 2.9 Hopping mode. 
mode. 


The fourth and last mode of motion (hopping) occurred at 
very high pan frequencies and large slopes (see Figure, 2.9). 
The hopping mode is observed to be influenced jointly by the 
pan frequency and slope. As will be shown later ,o2 taacne 


spheroid slides while in contact with the pan surface, 
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18 
the spheroid trajectory is Slightly different from that shown 


Tn ebaguues 209. 


Zea) tneoretical Natura | Rocking 
Frequency 


The natural rocking frequency of a prolate spheroid 
is defined as the number of cycles per unit time the spheroid 
oscillates when the centre of mass in the vertical plane 
containing the major axis is displaced. As already noted, 
the natural rocking frequency of a prolate spheroid determines 
the mode of conveyance of the spheroid on an oscillating pan. 
For very small objects which are of prolate spheroid shave, 
such as wheat kernels, it may not be possible or practical 
to determine the natural rocking frequency experimentally 
because the kernels are too small and the oscillations too 
high 6 be counted visually. Hence an attempt was made to 
determine the natural rocking frequency theoretically. This 
was accomplished by deriving an equation based on the 


conservation of energy. 


2.4.2 Derivation of Natural Rocking 


PReQUCHCY Equation 


In determining the natural frequency of free 
oscillation, the maximum kinetic energy of the spheroid is 
equated to the maximum potential energy. The equality 
assumes that the system is conservative, that is, the total 
energy of the system is constant and 1s) the sum of the 


potential energy and kinetic energy. The potential energy is 
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Enewgrayitationalpotent ua) energy since elastic deformation 
is neglected;the prolate spheroid being treated as a rigid 


body. Since the total energy is constant; 


Ub ie 1 eS pone Coa Deter. 


anoen(c 76.0) 9 (Ta =) te DHOnD 


where jis the kKineticeenergy, 


U is the potential energy. 


As can be seen from equation 2.2.1 if the potential energy 
is zero, then the kinetic energy is maximum and if the kinetic 
energy is zero, then the potential energy is maximum. Assuming 


conservation of energy then; 


The natural rocking frequency of the spheroid can be 
Gdecerminea from, equation 2.2.53 15 the oscillatory motion us 
Harmonic.) Li the angle of oscillation, (3, is small (see 
Figure 2610) somthat: terms higher than fe can be neglected, 


then, equation 2.2 is, satisfied by: 


f = fp Ssinwt, 
fe) 
which is simple harmonic motion. The vertical displacement 
of the mass centre, when the spheroid rocks or rotates through 


the angle fp is determined by considering the following. 
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Figure’2-.10 Rocking Protate Spneroid 


The equation of the ellipse of revolution with respect to 


Ene XY axes iss 


anaeene equation. of the woOlLated «ellipseiwithw respec me tOn. ac 


X,Y, axesms: 
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The equations for transformation of coordinates are; 


Xy = Xcosp + Ysinf, 25. 
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Y, = ~Xsin§8 + Ycosp. 2.5.4 


SubsEirGucing equations 6225.3 and) 2.524 in’ 2.520 gives, 


(XcosB+Ysing) * Is (-XsinB+Ycos) * ae 
at b2 
; 2 cos“p sing sl if 
i.e. X™[ a ]+ 2XYsinfScosg[=5 - =] 
2 2 2 2 
a b a b 
ae oe 
a6 y* [Sap 8 ae COS ek SS) 
a b 
which can be put in the form; 
2 2 
(OCT d te RSP NET pea Ler — ob 2 OO 
2 Sey) 
where, A = [925-8 4 BIS) DSi 
a b 
B = 2sinfcos = = = DN Shay ste 
| COST la mamas oe 
a b 
ae 2 
c= eS -}- ee ] Qe 
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Differentiating 2.5.6 with respect to X gives; 


dy dy B 
et = ie 
DISSE Gp INE sr Bxax 2CY ax 0 Peasy iG ¢ 


The tangent at point P in figure 2.10 is given by oy 


ca) 


Hence equation 2.5.10 reduces to; 
2AX + BY = 0 


SsOmcthat, 


il 


- 2AX 


yop > 728 


= Y (see Figure 2.10) Dans el al: 
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where Y' = dy/dx. 


Solving equation 2.5.6 for oS 


Bae z 
t > 2 2 
2A ~ 2A\ (BY)“ - 4A (CY“-1) 


enc Substituting for X from equation 2.5.11; 
ves ce =\{ =, 2 =2 
7 eB (BY ie see 4A (CY —1) 
ee =2 
Bence, (DY); = AANCYs—1)) (=70 


and therefore, Y¥ ee 275 eho 
AC-B’/4. 


BeOn@eduatbiOons 2.5.7 ande2.5..9; 


2 ne Pee 2 
oe (S98 B i Sin By (Sin B i cos By 
a b a b 


ne ere, @ 
Sin 6 , sin Scos |B 
= ay cos“gsin7p i 5 5 cos’ 8 + ae Spot a 
a anys) amp b 
4 fee! 
= sin*Bcos“p[+; Be 2 + a (cos f+sin 8) 
a b ab 
2 aD nD dd Tere f 
= sin*pcos“p[+z + 4 ah 55 [(cos Btsin §)"-2cos Bsin 8] 
a b ab 
2. we? 
= sin*Scos“p [=z “ 4 + Ay [1-2cos psin fl 
a b ab 
nee? Deere: ab 2 PAN Pai) in ak 
= sin’ gcos’ gi{[— + =] - cos Bsin’ fp 79 
F F at ba erie ab 


From equation 2.5.8; 
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Consequently, 
Be Dee ae | 2 Pee 
a. (San fcos ip ae + =a BOSOED Sin” Bcos is 
a b ab 
Al Ne wet oe 
2? 
ab 
Hence cquation 2.5.12, becomes: 
vee ; 2 
Tanb 
= abV A 
Bquacltone. 2718S iLVes; 
2 ee 
(hl (OEE 18 Hi es 
2 2 
a b 
2 ae 2 
= SOS Ee 2 teense 
2 2 
a b 
D v2 
Z 
and, VA = cos? (ek tan 6] 
a 
b 
We 


2 
ae 2 
Consequently, Y = bcosp[l + = tan’ 8] 
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The following Taylor series expansions are used; 


cosf i = B+ 0(B°), 


ne + 0 (p>) 


II 


tan“p 


5 3 
Hence, ¥ = b{1 + (25 - 1/2)p°} + 0). 
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are neglected]. With no slippage the potential energy with 
respect to the equilibrium position, or position at rest, 


as datum (see Figure 2210) is; 


U = Mg(Y-b) 


By substituting for Y from equation 2.5.14, 


2 
a 2 
U ee ee = dye) ie ey 


a2 2 
Mgb (x - 72) 8 
2b 


For small oscillations, the kinetic energy according to 
Hannah and Stephen” ee 
T =(1/2)1,8° +(1/2)Mb 7p 


Since harmonic oscillation is assumed; 
fp = Posinwt. 
a’ 2 
Therefore, Uy. = Pre, x 1/2)8. ’ 
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The moment of inertia about the minor axis is given by 


5 
Carleton as; 
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Recalling equation 2.2.3; 


See a eae 
ives (a 6b- Ae 2 
Gives, 10 + )w f = Mg bars 2; ¥/2)B. 
25 
a2 
5G (=a bs) 
7 b2 
Hence, w =: 
a 
D0) 
62 
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Equation 2.5.15 shows that the natural rocking frequency 
depends on the geometry of the prolate spheroid and not its 
mass. 

The equation was used to calculate the natural rocking 
frequencies of the prolate spheroids in Table 2.1. The 


experimental and computed results are shown in Table 2.2. 


TABLES 2e2 


NATURAL ROCKING FREQUENCIES OF TWO PROLATE SPHEROIDS 


Prolate Spheroids a b f, fexp-) £  (comp.) 


(agin) (ins. ) 


Stee! 2.00 1.00 hand) 230 


Aluminium 15 Os 310 186 388 
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Figure 2.11 Schematic of Prolate Spheroid 


2.4.3 Results, Discussion and Conclusions 

RaQ une sce 2 a) moe (0), aL oa) ecmd. 2213 (b) eshow orints.On 
Baccus of a movie film taken during the observation of prolate 
spheroid orientations on an oscillating pan. In Figure 2.12(a) 
the aluminium spheroid with a natural rocking frequency of 
186 CPM (experimental) has an orientation with its major 


axiseperpendtoular to the direction Gf pan motion; the pan 


frequency being 150 CPM. In Figure 2.13(a@),the orientation of 


(Ne spheroid is with the major axis parallel to stherdirection 


Of pan motion at pan frequencies of 3035and 405 CEM. Figure 
2.12(b) showSthe orientation of a wheat kernel with the major 


axis perpendicular to the direction of pan MOCLON at, pan 


frequencies of 303 and 405 CPM. In Figure 203 {by een|e 


orientation of the wheat kernel is with the major axis 
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Figure 2.12 (a) Figure 2.12 (b) 
Steel Prolate Spheroid Wheat Kernel - 
- Rolling Motion Rolling Motion 

Pan Frequency < Natural Rocking Frequency 


MOTION 


PAN 


Figure 2.13 (a) Figure 2.13(b) 
Steel Prolate Spheroid Wheat Kernel - 
- Rocking Motion Rocking Motion 


Pan Frequency > Natural Rocking Frequency 
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parallel to the direction of pan motion at pan frequencies 
of 500 and 620 CPM. Hence the natural rocking frequency of 
the kernel used eer tice 405 and 500 CPM. Using equation 
2-55-15, ste computed natural rocking frequency of the wheat 
Kernels. 795 3C2M which is nearly twice that indicated by its 
orientation on the oscillating pan. For the aluminium spheroid, 
the computed natural rocking frequency is more than twice the 
observed; and about 1 1/2 times for the steel spheroid (see 
IeWelels PAAR) 

Part or all of the differences between the computed 
and experimental natural rocking frequencies may be due to the 
objects not being perfect prolate spheroids. Thus, the 
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CHAPTER  Lii 
EQUATIONS OF KERNEL MOTION 


Seam ln eocuction 


The motion of a Kernel on an oscillating pan is the 
Lesuit of gravity and friction torces; the later aycomplex 
Minetion oOo. the coerficient Of friction, the sinertra oLethe 
Kerneclvand the motion of the pan. As notediain the prior 
chapter, various modes of prolate spheroid motion ensued 
from changes in pan frequencies and slopes. Hence, it is 
evident that no one set of equations of motion can be 
applicable to all modes. Since each mode has a different set 
of forces acting on the kernel, equations of motion are 
derived separately for each mode by summing forces acting 
on the kernel in two planes; parallel and perpendicular to the 
pan surface. The notations used in deriving the equations 


are provided in Appendix A. 


3.2 Assumptions 
In deriving equations of motion for a kernel on an 
oscillating pan various assumptions have been made. They are 


acs’ LoLlows; 
(l)) It is assumed that there is no interference 
between the kernels and that the kernels do not contact the 


pan walls. With this assumption, the analysis can be restricted 
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30 
to the response of a Single kernel to the sinusoidal 
acceleration of the pan. Because the forces due to kernel 
interaction are not accounted for by this method, single 
kernels were used in determining the average experimental 
kernel velocity as will be seen later. For kernel inter- 
ference, One must use appropriate laws of probability because 
the method used here is not appropriate. 

(2) The pan is assumed to be flat and rigid. There 
was no visual evidence that the pan used to verify the results 
distorted when in operation. 

(3) The kernel is assumed to be rigid and is not 
deformed by the forces experienced on the pan. Kernels are 
“asualbky hard and) x igid.: 

(4) The kernel is assumed to be a prolate spheroid. 

(5) Rolling resistance is assumed to be negligible. 
Rolling resistance originates from the deformation of the 
kernel or the deformation of the surface on which the kernel 
is aailikiteess Or bOth.| Since both Kernel andecsuriace sare 
assumed to be rigid and undeformable, the rolling resistance 
is neglected. 

(6) The kinetic coefilicirent of friction between the 
kernel and pan surface is assumed constant and independent 
of slip velocity. 

(7) “The effect of air motion is neglected for the 


modes of motion in which the kernel is in contact with the 


pan. 
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(8) In the hopping mode, if the kernel does slides, 


Phe sproeilevor the motion 4s as shown in ‘ie ibbetey cil steybba She 


not, the profile is as shown in Figure 3.2. However, sliding 


Pacure 3.) | HOpping with Figure. 6.2) .Hopoimg wi enout 
sliding sliding 
Wassnot daetected. From observations the kernel leaves the 


baneat a pan Lrequency ‘Greater than 10°H2.0 fhe contact 
period between the kernel and the pan must occur within one 
cycle and therefore must be less than one tenth of a second. 
This epemiod 1s too, short. for any appreciable sliding) tosoccur 
Bnd theretore any. sliding as neglected: 

(9). The motion of the pan as essumed soy be anesthe 
horizontal direction only. As shown in Figure 2.1(b), if 
the displacement h is small compared to R, the vertical 


displacement can be ignored. The vertical displacement of 
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baloney. 
where Y = R(l-cosy) 


Hor the experimental pany Rois 12 in. and 


h a — ; 
max. Stee OS Sy eae iy 


Ehereltore; sin yeaen/R =.06 75/712 = 0.062- 


Hence, Ve aes 5° 


cosy=0.99 ~1 
and) -Y. 97.8 (1—cosy) ==. 0 


Hence, Y, Y are also negligible. This implies that the motion 
ofeGe (see Figure 2.li(a)\) "is also horizontal’ since +Ge 1s *rigid- 
The effect of assumptions 1, 3 and 5 is that the only 
forces acting on the kernel are caused by the sinsusoidal 
aaa ee of the pan and gravity when the kernel is in 
contact with the pan; having neglected forces due to rolling 


resistance, kernel interaction and pan wall effects. 


23) Motion of Oscrl lating ian 
From the geometry of Figure 2.1(b); 
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Therefore equation 3.4.3 is approximately; 
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Bate. aay AGT Ne! TEE ih, 
L =O.a kin 
ie rmax O75 
Th f -_— = wee Soul ee 
erefore L L 4.5 Os 166. 


The maximum r used was 0.325 in. 
LNs er COsZo')/l; as meqiigquple. 
Equation 3.4.4 is approximately; 


-w*r (ASE2? + cose) g.e8 


It can be seen that equation 3.4.5 describes simple harmonic 
motion. With a pan slope a (see Figure 3.4), the accelerations 


of the pan parallel and perpendicular to the pan surface are: 


X 
Ss 


Pe oricce) + (=) sind] cosa Sh As 


va =r teose + (=) sin) sina Lap ae 


o.oo lling and oliding: Mode 


As noted previously in the rolling and sliding mode, 
two phases of kernel motion, rolling with sliding and rolling 
without sliding, can occur in a crank cycle. In these phases, 
four regimes of motion, normal roll down, reverse roll down, 
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regimes, which are defined in detail in Table 36 pare sa 
result of the changing directions of the angular velocity 
and acceleration of the kernel motion on the Oscillating pan. 
The positive senses of the various quantities are in the 


directions indicated by the arrows in PA-aure 237 


Figure 3.3 Velocities and accelerations of pan and kernel 
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Soe 2eeROl Linge Wath Sliding Phase 


When a kernel is rolling and sliding simultaneously 


(rolling wichwislading)won the pan surface; 
xX > ; 
k x + be) 


fhe external and inertia forces acting on the kernel in the 


normal roll down regime with sliding are shown in Figure 3.4. 


Figure 3.4 Free-body diagram of kernel in the normal ray eye Gul 
down mode with sliding. 


The equation for equilibrium of the force system in the 
direction parallel to the pan surface 15s; 
Mgsina-F = MX, 
EF = Mgsing = MX, 


= M(gsina-X,) 2. Deel. 
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The equation for equilibrium of the force system in the 


direction perpendicular to the pan surface is; 


N - Mgcosa = MY, 


N Mgcosa + MY 


k 


M(gcosa + YX.) Sha 4 


The equation for equilibrium of the force system for 


rotation about the mass centre is; 


(Bley To) = 


= (I 8) /b. 


AGCCOEndINng to Carleton” the mass moment of inertia about the 


major axis of a prolate spheroid is; 


y 2 
I= (2/5)Mb*. 


Hence, F = (2/5)Mbo, Che see: 
Since the kernel slides as well as rolls, the friction force 


F is; 


Substituting for N from equation 3.5.2 


Er es M{gcosa + YX) 35% 4 


hae 
Equating equations 3.5.3 and 3. m4 s 
(2/5)Mbo, = U,-M(gcosa + Yy) 


Q y She es) 
Oy = (5/2b) 1, [gcosa + Y,] 
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Since the kernel is in contact with the pan, the 
acceleration of the pan perpendicular to the pan and the 


acceleration of the kernel are equal; that is, 


substituting ae from equetiton 3.4.7 in equa tion eso. 5s 
6, = (5/2b)u,{gcosa - w*rsina[cosé + (A/L)siné]} ELBaG 


Asethne Kernel 1s Slipping, then equation 3.5.1, can be; 


F = M(gsina - X,) N 


Supstitubing for Ni ftromvequation) 3.5.2 


M(gsina - X,) HW, -M(gcosa + yy) 


gsing - Wy (gcosa + Yy) 


oor a 
= he 
But vy Ys 
Hence, Xy = gsina - u,.tgcosa - Doreimoeos: + (A/L)siné] } 


Sieve. 


Fquavions 3-5.6"and 3.5467 are, the equations 1 1orerocelional 
and linear accelerations of a kernel in the normal roll down 
regime with sliding. ‘The other regimes of this mode (reverse 
roll down etc.) are merely changes in the directions of the 


accelerations and therefore the equations apply to the other 
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3.4.3 Rolling Without Sliding Phase 


If the kernel rolls without sliding, then its 


velocity can be expressed as; 


~< 
UI 
x 


ie Z + boy from which, 


Equating@ equations 3.541 and 2.5.3; 


M(gsina - X) = (2/5) Mbe 


k 
Or gsina - xy = (2/5) be, 
SMDstrtucing f£0r xy From equation 3252.0; 
geinw = x. = be, = (2/5) b9, 
Oy = (5/7b) [gosing = Xo] 


Subst Leutang for Xe from equatrom 3.4% 6; 


OL Ss >/7 bD)igsine = w“rcosa[cosé + (A/T) sine t 


Brom equation 3.5.0. 


OL = (1/b) (X, a X,) 


From equation 3.5.9: 


oe Gsinds— (2/5) bo, 


Subst rcucing LOL 0, From edvatlones «on Li. 


he 


a =—OSLO aE (2/5)b. (1/b) (X, = X.) 
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/~ 9x PAN DISPLACEMENT 


O° Wy 

ase S 
2S 

= 

<< 

oc 

U 


SLIPPAGE NO SLIPPAGE SLIPPAGE 


Figure 3.5 Rolling With and Without Sliding Motion. 
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or (7/5)X, = gsina + (2/5) xX. 
SUoSei cuts nd Or Xe from equation 3.4.6; 
xy = (5/7) {gsina - (2/5 eee iooee se AWW AE ecCater iby, Byars 


Pquations 3.5.10 and 3.5.12 are the equations for rotational 
and linear accelerations of a kernel when it rolls without 
sliding. 

Figure 3.5 shows the phases for rolling with sliding 
(slippage) and rolling without sliding. The equations for 
each phase would have to be applied separately if both occur 
mneotie, Crank cycle; that is, che equations fonero? ling 
Vv oe to 05 and 


Ho €O S60 while the equations for rolling with sliding are 


WELnout Sliding would be apolied fromy0° to 


c ij de ° fo} ° fo) 
applied from oF to 85 and O5 LO on 


Ge oe Rocking, and, Sliding Mode 


Mg 


Free-body diagram of kernel sliding down the pan 


Figure 3.6 
surface. 
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The equation of equilibrium of the force system in the 


direction parallel to the pan "surtace 4s; 


Mgsina - F = MX 


k 
ee (27M) + og sama 
Bice, os WAN 
Hence, X, = ~ (4,.N) /M eo eG Saray Bie Ook 


ie equation of equilibrium ot the sfonce system in the 


direction perpendicular to the pan surface is; 


N - Mgcosa = MY, 


N = M(Y) + GCcOsa ) 


Srnofslewime bios ope vmepe INMw ke) BG yeg ar ie 


= = -+- 1 
Xy Wy + gcosa) gsina 


SubStituting tor Yo strom equations 3.4an > 


k 


<n = u, {wrsina[cos0 + (A/L)sin@] - gcosa} + gsina Cee ee 


When the kernel is sliding up the pan surface, the 


eguation of equilibrium of the force system in the direction 


Darallel to’ the pan surface 1s; 


F + Mgsina = MX) 


x = (F/M) + gsina 


(uN) /M + gsina Sree: 
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The equation of equilibrium of the force system in the 
direction perpendicular to the panysurtacemi's? 

N - MY, - Mgcosa = 0 

N = M(gcosa + Y,.) 
substituting for N in equation 3.6.3: 

= = Hy) (gcoso + Y,) + gsina 


SuUos tL cuci ng, Lor yy from equation 3.4.7 (Yy = YONG 


Xp = Ht gcosa - pean hess +) (A/L) sine] +dsind Bao. 4 


Equations 3.6.2 and 3.6.4 are the equations of motion 
for a kernel sliding down and up respectively on the pan 


surface in the rocking and sliding mode. 


3-6 Spinning‘and Sliding Mode 

No attempt is made to derive equations of motion for 
the spinning and sliding mode because the torque producing 
the spinning effect on the kernel is not apparent. It is not 
known to what extent the torgue affects the magnitudes of 
the forces acting on the kernel in the directions parallel and 


perpendicular to the pan surface. 


3.7 Hopping Mode 
The equations for the hopping mode have been derived 
since the kernel leaves the pan surface under the 


Biovnere. 


accelerations given by equations 3.6.2 and 3.4.7, therefore 
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44 
the initial velocities of trajectory parallel and perpendicular 
to the pan surface must be obtained from the first integrals 


with respect to time of these equations. 
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CHAPTER IV 
RESULTS, DISCUSSION, SUMMARY AND CONCLUSIONS. 


4.1 Experimental Kernel Velocities. 


the average velocities of ‘a wheat kernel on the 
oscillating pan for the rocking and sliding mode were determined 
by -Eaming «the kernel to travel over a.distance, of 13-0 any on 
the pan surface. Figure 4.1.shows the pan surface ABCD): with 


two JonespGH and EE 18.0 °1n «apart. 


D 
SLOPE OF PAN 


CP ee eer ee a 
=> od 


Gu 4 0 


Figure 4.1 Kernel Path on Pan Surface. 


For each combination of pan frequency, slope and crank radius, 
three successful runs were made. Tf the kernel followed a 
path between MN and MP, the run was recorded, otherwise it 
was rejected; where the angle PMN was less than five degrees. 


The number of rejected runs did not exceed three. Table 4.1 


shows the average velocities for the three successful runs at 
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DABUE 4a. 


EXPERIMENTAL WHEAT KERNEL VELOCITIES. 
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Frequency Crank Radius Pan Slope Xe (1) ee Xe (3) ee 
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vari ; . 
10UsS combinations of pan frequency, Slope and crank radius. 


ae ee OUSCUSSTON Of Results, 


It 1S apparent that for prolate Spheroid shaped seeds, 
the appropriate orientations of the screen aperatures depend 
on whether the screen is operated at frequencies below or 
above the natural rocking frequency of the seeds being 


graded. 
SEED SEED 


APERTURE APERTURE 


Screen Slope 
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Screen Slope 
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PlOn sOL rolling tion for rocking 
andesiiding seeds. and sliding seeds. 


Memehown an figure 4.2, (for prolate spheroid shaped seeds) 
the screen should be operated at a frequency below the natural 
rocking frequency of the seeds in) Orders bo! alow ie singer 
sized seeds to go through the apertures; whereas in Figure 


4.3, the screen would have to be operated above the natural 


rocking frequency of the prolate spheroid shaped seeds to 
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allow the undersized seeds to go through the apertures. 

The results in Table 4.1 show that the wheat kernel 
velocities increase with increase in each of the independent 
variables pan frequency, slope and crank radius; these being 
theavalvables of equations! BeGvenandesecn 4c 

An observation of some seed cleaning operations 
showed that various frequencies, crank radii and screen slopes 
are used by different manufacturers. One manufacturer 
uses a minimum and maximum frequency of 150 and 635 CPM 
respectively, with an average frequency of 435 CPM. The 
Srankeradlus Or Oscillation 16-0.25 in eand ene mr nium 
and maximum screen slopes are 12.0° and 15.0° respectively, 
with no pitman inclination. Another manufacturer uses a 
minimum and maximum frequency of 150 and 485 CPM, with an 
erage frequency of 450 CPM. The crank radius being 0.30 in. 
with a minimum and maximum screen slope of 16° and 20° 
respectively but no pitman inclination. Within the ranges 
specified, seed cleaners use various combinations of frequency, 
crank radius and screen slope depending on the type of seeds 
being cleaned and the amount of dirt to be removed. 

Relating these observations to the analysis, it is 
apparent that the screens are operated in the first three 
modes of motion - rolling and sliding, rocking and sliding, 
spinning and sliding. These modes are Only applicable to 
prolate spheroid shaped seeds such as wheat, oats, rye, barley, 


etc The motion of non-prolate spheroid seeds such as Elax 
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49 
would be riding and Sliding. Although the maximum frequency 
for one of the cleaners is as high as 635 CPM, there would 
be negligible hopping at this frequency with a low screen 
slope of 15°. As already noted, this mode is signitiacant ly 
influenced by both screen frequency and slope. Also sieving 
efficiency would be reduced in the hopping mode since the 


hopping effect would reduce the chances of the undersized 


seeds going through the apertures of the screen. 


4.3 Summary and Conclusions. 


The motion of a wheat kernel on an oscillating pan 
was studied. There are four modes of motion of the kernel, 
two of which are dependent on the natural rocking frequency 
of the wheat kernel and the frequency of oscillation of the 
pan. The four modes are, rolling and sliding, rocking and 
sliding, spinning and sliding and hopping: It was observed 
that the kernel orientation was with the major axis perpendi- 
cular to the direction of pan motion when the pan was operated 
at frequencies below the natural rocking frequency of the 
kernel. At pan frequencies above the natural rocking 
frequency of the kernel, the kernel orientation was with the 
Majorsaxis parallel to the direction Of pan motion. 

An expression was derived for the natural rocking 
frequency of a prolate spheroid. Using this expression, the 
natural rocking frequencies of various Sizes of prolate 


spheroids were determined and their orientations on an 
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oscillating pan observed at various pan frequencies. 
Equations of motion for kernel acceleration on the 

pan were derived for various modes of motion. The 

experimental velocities for the rocking and sliding mode 


increase in accordance with the derived equations. 
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APPENDIX A 
BASIC NOTATION 


The notation adopted in the derivation of the 


equations of motion are as follows: 


| Xue Xx = kernel velocity and acceleration relative and 


Darallel eo sthe oan esurtace. 


Yue Yy — kernel velocity and acceleration relative and 
perpendicular to the pan surface. 
Kor Xa = pan velocity and acceleration perpendicular to the 
pan surface and relative to the ground. 
Yor Yo =) pan velocity and=acceleravion perpendicular logthe 
wo 


Danesuriace andereclatiaVe = tOetne ground. 


Ree crank sradtus. 


iL = mass moment of inertia of kernel about its 


major axis. 


a = mass moment of inertia of kernel about its 


minor axis. 


Mo = mass of kernel. 
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Se 
static and kinetic coefficients of friction between 


the kernel and pan surface. 

angular velocity and acceleration of kernel relative 
to the pan surface. 

natural rocking frequency of kernel. 


crank angular displacement of pan's slider crank 
mechanism. 


pan frequency. 
time. 


pan slope. 
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APPENDIX B 
DETERMINATION OF DIFFERENTIAL EQUATION CONSTANTS 


The equation constants for the rocking andvsliding 


mode were determined using the following procedures: 


(Mi he coérivcients of £riceion We and Whi the 
coefficients of friction between the wheat kernels and the pan 
surface were determined using an inclined plane AB (24 inches 


long), as shown in Figure A2.1. 


Wooden Block 


| Wheat Kernels 


Figure AZ... Inclined plane 


3 


The plane AB was covered with paper of the same surface 
Perec eens used on the pan surface in determining the 
experimental average kernel velocities. Wheat kernels were 
glued to the surface CD of the wooden block so that the only 


contact between the block and the plane was through the wheat 
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kernels. The height h was increased by increasing the slope 
& until the block was about to slide down the plane. At 
this position the height, hy, was recorded. Then the height 
was further increased until the block started to slide down 
the plane. To obtain steady state sliding, the height was 
lowered until the block was beginning to decelerate, then 
the height, hos was recorded. The whole experiment was 
repeated three times and the average values for hy and h 


2 
were calculated and recorded as shown; 


h, (average) =Oi3 .20 iin. §(fornestatictcoctpicrentaom friction) 


h. (average) 


9 ie 10 cin. (for Kinetic coeliicienteor sEr1euron) 


5 ; aes eee 
According ctoeCarleton, «the Static, coctiicienteor str ieeion 
is given by: 
u = tana, 
yak 
a = sin (hh, /AB) 


= Pee 4 


Hence, Lu = scar) 
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Similarly; 
Uy = tana, 
s eal 
a. eo Tie eo (iA) 
= 18.65° 
Therefore, Uy = tan 18.65 
= 0.338 


(2) Oscillating Frequency: 


The oscillating frequencies of the pan were 
determined using the stroboscope. The unit of frequency 


used in the simulation is radians/sec. 
(S)UGrank Radius’ 


The crank radius was determined by measuring the 
fencth of 4a line drawn by @ pencil fixed) to) the pangiramne:. 
The length of this line was divided by two to obtain the crank 


radius in inches which is the unit used in the simulation. 


(4) elPan, Slope: 


The pan slope was determined by measuring the height 
of the ends of the pan above the horizontal and applying the 


known length of the pan. All angular measurements in the 


simulation were in radians. 
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(5) The standard value of acceleration under gravity 


386.4 Sia /aees” was used. 


(6) Pitman Inclination: 


Using the appropriate values of pan slope and crank 
radius, By was calculated from Figure 2.1. The pitman 
ene linati1on) 61S the “sum of By and Bo: 

C(.)eeeConstantse— Awand. i 


From figure 2.1; 


A, = ABsina 
= 9sina 
Aa = 1.05 in (Difference in elevation between 
B and O) 
Hence, A = 9sing + 1.05 
iW) Se ep viivey abe 


The values of pitman inclination, (¢@)> 0and: the 
constant, A, are tabulated below for the combinations of pan 


frequency, slope and crank radius used in the simulation. 
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60 
SIMULATION PARAMETERS 


Crank Radius Frequency Pan Slope Pitman Incl. A 
Gin.) (Rads) (Rads) (Rads) Gin) 

TIC A AAR oe oe ee NS SEO ED DON Ee 
O25 542 0.037 Ors LO 1.4 
0.20 54.2 On.G3r 0.306 1.4 
0.28 54.2 037 Os hey 1.4 
Oigs3 54.2 Oe Oy is SKOle 1.4 
0520 64.9 0.078 Ono athe! 
0.20 64.9 Oe ELC 0.466 2.04 
0-720 64.9 0.145 02550 2255 
O20 64.9 Ona 9 0.645 205 
C220 Dae OL 073 Oso ine The 
O70 bae2 (ey akan) 0.466 2.04 
On 0 5a 2 0245 Os s1si0) 2.35 


O20 Bae Oye: 0.645 2 a3 
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